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Chemical characterization of glomerular and tubular basement
membranes of men of different ages
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Chemical characterization of glomerular and tubular basement mem-
branes of men of different ages. Pairs of glomerular and tubular
basement membrane preparations were obtained from kidneys of
individuals of premature age up to 80 years. The purity of the prepara-
tions was established with light and electron microscopy and by
estimating the total phosphorus content. The amino acid and carbohy-
drate composition was determined and statistically evaluated for 33 to
38 preparations divided over five age groups. Comparison of glomerular
and tubular basement membranes from the same kidneys showed that
regardless of age glomerular basement membranes contain more 3-
hydroxyproline and more of the heteropolysaccharide constituents
neuraminic acids and mannose. These differences cannot be ascribed
solely to the presence of a minor amount of interstitial collagen. The
chemical composition of the two types of basement membranes changes
with age. For the first few years after birth the contents of glycine and
total imino acids increase and those of collagen-nonspecific amino
acids decrease, whereas constituents of the heteropolysaccharide units
do not change markedly. These results suggest that proportions of
collagenous and noncollagenous peptide moieties gradually change with
age in both glomerular and tubular basement membranes. In addition,
the extent of hydroxylation of proline and lysine increases significantly
with age, reaching an adult level for glomerular basement membranes
after 4 to 7 months of age and for tubular basement membranes during
late childhood. The contents of glucose and galactose rise with age to an
extent comparable with that of hydroxylysine. The age-related changes
in basement membrane composition may influence functional proper-
ties of these extracellular renal structures.
Caractérisation chimique de Ia membrane basale glomerulaire et
tubulaire chez l'homme a des Iges différents. Des prparations de
membranes basales glomerulaire et tubulaire appariées ont été obtenues
a partir de rein humain depuis Ia prématurité jusqu'à l'age de 80 ans. La
pureté des preparations a dtd dtablie par Ia microscopie photonique et
électronique et par l'évaluation du contenu total en phosphore. La
composition en acides aminCs et hydrate de carbone a Cté déterminée et
statistiquement Cvaluée pour 33 a 38 preparations divisCes en cinq
groupes d'âge. La comparaison des membranes basales glomdrulaire et
tubulaire de mêmes reins a montré que, indépendamment de l'âge, Ia
membrane basale glomérulaire contient plus de 3-hydroxyproline et
plus de constituants heteropolysaccharidiques, l'acide neuraminique et
le mannose. Ces differences ne peuvent pas être expliquées par Ia
presence de quantitCs minimes de collagCne interstitiel. La composition
chimique des deux types de membrane basale change avec l'age.
Pendant les premiere années après Ia naissance les contenus en glycine
et imino-acides totaux augmentent et ceux en amino-acides non speci-
fiques diminuent alors que les constituants des unites hétéropolysac-
charidiques ne changent pas de facon importante. Ces résultats sugger-
ent que les proportions de fractions peptidiques collagenes et non
collagenes changent graduellement avec l'age aussi bien dans les
membranes basales glomérulaires que tubulaires. De plus l'intensité de
l'hydroxylation de Ia proline et de la lysine augmente significativement
avec l'age, atteignant un niveau adulte pour les membranes basales
glomérulaires aprés 4 a 7 mois et au cours de Ia fin de l'enfance pour les
membranes basales tubulaires. Les contenus en glucose et galactose
augmentent avec PAge d'une facon comparable a celui de l'hydroxyly-
sine. Les modifications de La composition de Ia membrane basale liées a
l'Age peuvent influencer les propriétés fonctionnelles de ces structures
rénales extracellulaires.
Investigations on age-related changes of human basement
membranes, in particular those of the nephron, are scarce.
Changes in chemical composition were found with growth and
aging in renal basement membranes of various animal species
[1—8]. Studies of the antigenicity of the glomerular basement
membrane indicate that there exist differences between young
infants and old children [9, 10]. The accumulation of type IV
collagen in the kidney cortex with maturation [111 is possibly
associated with thickening of basement membranes [12].
Interest in human renal basement membranes has been
focused on those of the glomerulus, because these structures
play a pivotal role in ultrafiltration [13—16]. The chemical
composition of tubular basement membranes, however, has
been studied by only a few investigators [17, 18]. These latter
structures possess immunogenic sites, which do not appear to
be present in the glomerular basement membrane [19, 20].
Circulating antibodies against the tubular basement membrane
are present in some patients with chronic kidney disease [21]
and may cause tubular and interstitial lesions [22].
In this investigation, we present a method for separation and
purification of both glomeruli and tubules from the same kidney
of persons of different ages, including preterm neonates. Base-
ment membrane preparations were obtained from these organ
substructures according to a generally accepted method in
which deoxycholate is used for complete soltibilization of
cellular membranes [6, 23—25]. The chemical composition is
compared for glomerular and tubular basement membrane
preparations of the same kidney. For the same type of basement
membrane, the composition is compared between individuals
ranging in age from preterm neonates to 80 years old.
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Methods
Materials. Stainless-steel sieves (20 cm in diameter) were
purchased from Metaalgaas, Twente, Hengelo, the Nether-
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Fig. 1. Schematic representation of the isolation procedure for kidney
glomeruli and tubules of men of different ages. Sieves used for forcing
cortex tissue and sieves on which pure preparations or crude fractions
for further treatment are retained, are indicated under the age groups. 0
denotes pure glomerular fraction; (G), crude glomerular fraction further
purified on a discontinuous Ficoll gradient; T, pure tubular fraction. See
text for details.
lands; deoxyribonuclease (DNAase, E.C. 3.1.4.5.) and chemi-
cals for enzymatic glucose assay, from Boehringer, Mannheim,
Federal Republic of Germany; and Ficoll 400 from Pharmacia,
Uppsala, Sweden. 3-Hydroxyproline was obtained as a gift
from Dr. A. Szymanovicz, Laboratory of Biochemistry, Facul-
ty of Medicine, Reims, France. All other chemicals used were
of analytical grade.
Kidneys. Kidneys were obtained from individuals ranging in
age from preterm neonates to 80 years old at autopsy within 16
hours after death and were stored at —80° C until use. The
kidneys showed no macroscopical lesions and originated from
individuals without symptoms of any renal disease.
Isolation of glomeruli and tubular fragments. All procedures
were carried out at 0 to 4° C. During isolation, the tissue was
kept in 0.15 M sodium chloride. After the kidneys were disposed
of fat and calyces and weighed, the cortex was dissected out,
weighed, and treated for the isolation of glomeruli and tubules
according to the sieving procedures summarized in Fig. 1.
Stainless-steel sieves were used except for the 25-p.m sieve,
which was made of nylon gauze and a perspex cylinder with a
diameter of 10 cm. Samples for light microscopy were taken
from all sieves to follow the procedures. While the tissue was
mashed through the sieve, it was continuously flushed without
force with 0.15 M sodium chloride. The mesh size of the sieve,
on which forcing of the tissue took place, varied with age in
order to remove the capsule of Bowman from the glomerular
tuft. The resulting filtrate was sieved over a series of sieves with
pore sizes that varied from 300 p.m for the upper one to 25 p.m
for the lowest one. Except for the age group of newborns,
glomerular preparations were washed three times with 0.15 M
sodium chloride on the sieve from which they were obtained.
The capsules of Bowman were mainly found on sieves interme-
diate to tubular and glomerular fractions. Occasionally a quite
pure fraction of capsules was obtained.
In the case of preterm and full-term neonates, tissue of four to
eight kidneys from neonates with comparable age was pooled
before or after the sieving procedure. Glomerular preparations
from these kidneys were obtained from the sieves with 0.15 M
sodium chloride and centrifuged for 2 mm at x 100g. When their
purity was lower than 90%, the glomerular pellet was resus-
pended in 20 volumes of a solution of 12% (wt/vol) Ficoll in 0.15
M sodium chloride. The suspension was layered on the top of a
discontinuous Ficoll gradient prepared according to Grant,
Harwood, and Williams [261. After centrifugation, a purified
glomerular fraction was obtained in the 18 to 20% interface and
the 20% layer. This fraction was washed four times with 0.15 M
sodium chloride at x 200 g.
Preparation of basement membranes. For the isolation of
basement membranes a modification of the procedure of Mee-
zan et al [25] was used. All centrifugations were carried out at
x 20,000g for 10 mm, and pellets were carefully resuspended.
With every 2 ml (pellet volume) of glomeruli or tubules, the
following steps were carried out. The material was lysed at 0° C
for 2.5 hours in a 200-mi solution containing 1% sodium azide
and 1 mri EDTA. After centrifugation, the pellet was treated
during 30 mm in 40 ml of 1 M sodium chloride, 1% sodium azide,
and 1 m EDTA. The material was centrifuged and incubated in
40 ml of 4% sodium deoxycholate and 1% sodium azide for 5
hours at room temperature. Afterwards, the material was
washed three times with distilled water and finally incubated in
40 ml of DNAase solution (50 Kunitz units/ml of water) for 1
hour at room temperature. After three washings with distilled
water, the basement membrane preparations were lyophilized
and dried over phosphorus pentoxide in vacuo in a desiccator.
Light and electron microscopy. Suspensions of sieved tissue
fragments or of basement membranes for light microscopy and
samples for electron microscopy were treated and studied as
described previously [6].
Chemical analysis. Neutral sugars and hexosamines were
released from basement membrane preparations with 2 M
hydrochloric acid (1 ml/l .5 mg) for 2.5 hours at 100° C in sealed
tubes. Glucose was determined with the glucose oxidase-
peroxidase method [27], and hexosamines with the Morgan-
Elson reaction [28]. A gas chromatographic assay was used for
analysis of neutral sugars [6]. After evaporation of the hydroly-
sate to remove acid, xylose and arabinose were added as
internal standards. For analysis of neuraminic acid content,
samples of the basement membrane were hydrolyzed in 0.05 M
sulphuric acid (1 ml per 0.4 mg) at 80° C during 1 hr. Neura-
minic acids were determined with a fluorimetric procedure [29]
using N-acetylneuraminic acid as a standard. For analysis of
amino acids, samples of 1 to 2 mg basement membrane were
hydrolyzed in 1 ml of 6 M hydrochloric acid in the presence of
0.05% phenol at 110° C for 24 hours in vacuo. Norleucine (0.50
p.moles/mg of basement membrane) was added before hydroly-
sis as an internal standard. Analyses were performed with a
Rank Hilger Chromaspek amino acid analyzer. 3-Hydroxypro-
line, 4-hydroxyproline, and proline were separately determined
according to Guire, Riquetti, and Hudson [30] on a Beckman
Multichrom B amino acid analyzer with Durrum DC:A resin
and calculated with the use of a standard solution. DNA was
determined as described earlier [6]. Analysis of total phospho-
rus was carried out according to the method of Bartlett [31].
Statistical analysis. Four statistical tests were applied. The
Kruskal-Wallis k sample rank test [32] and Terpstra's (two
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Fig. 2. Light micrographs of glomerular and tubular preparations: A and B Glomeruli and tubules, respectively, from an infant of 8 days. C and D
Glomeruli and tubules, respectively, from a person of 48 years (magnification, x 40).
Fig. 3. Preparations of capsules of Bowman from the same individual
shown in Fig. 2, C and D: A Light micrograph (x40). B Electron
micrograph of some Bowman's capsules after treatment for prepara-
tion of basement membranes. Note the absence of cellular components
(x5500).
sided) V test [33, 341 were used to investigate whether the
values of a chemical component or a ratio in glomerular or
tubular basement membranes are dependent on the age of the
individual considered. The Kruskal-Wallis test is sensitive to all
types of age dependency. The Terpstra's test is a specific
Fig. 4. Electronmicrographs of basement membrane preparations from
a person of 72 years: A and B Glomerular and tubular basement
membranes, respectively. Note the absence of cellular components
(x5500).
method to detect a predominantly increasing or decreasing
trend with age. Wilcoxon's test was applied to establish a
difference in a component or a ratio between pairs of age
groups. To take the interdependence between the Wilcoxon's
tests into account as far as possible, the significance level was
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Table 1. Kidney weight, purity of glomerular and tubular preparations, and yield of basement membranes with different ages
YieldC
Purity"
GBM TBM
Kidney Wta Glomeruli Tubules
Age Range g of wet wt % % mg dry wt/100 g Cortex Wet Wt
28 to 37 weeks" 8.0 3.1 (9) 70 to 90 92 to 96 15 to 26(3) 19 to 23(3)
Ito 8 daysC 11.8 2.0 (8) 81 to 90 92 to 100 10(1) 20 to 24(2)
Ito 2 months 15.2 4.0 (3) 89 to 95 93 to 99 24 to 43 (3) 6 to 50 (2)
4 to 18 months 26.3 4.4 (9) 91 to 99 91 to 100 12 to 44 (9) 4 to 26 (7)
3.5 to 15 years 53.7 24.4 (7) 92 to 99 93 to 100 28 to 59 (7) 12 to 28 (5)
32 to 61 years 132.1 24.8 (10) 96 to 100 95 to 100 9 to 67(10) 7 to 57(10)
66 to 80 years 105.8 31.3 (5) 96 to 99 96 to 99 16 to 38 (5) 36 to 48 (5)
a The values for kidney weight are the means SD for the number of individuals given between parentheses.
b Purity range is given in percents of total number of particles counted.
C Yield is given as the range, with the number of preparations isolated given in parentheses.
" Preterm newborns, with ages expressed as weeks of gestational age.
e Fullterm newborns with ages expressed as days or months after birth.
Table 2. Carbohydrate composition of glomerular basement membrane preparations of men of different agesa b
A B C D E Kruskal-
Wallis Terpstra Wilcoxon
2 months 4 to 18 months 3.5 to 15 yr 32 to 61 yr 66 to 80 yr test' testd teste
Carbohydrate (7) P (9) P (7) P (10) P (5) P
Fucose 0.7 0.1 + + 0.8 0.2 + + 0.8 0.2 0.9 0.1 0.7 0.1
Mannose 3.8 0.3 + + 4.1 0.5 + + 3.7 0.6 + + 3.6 0.3 + + 3.5 0.3 + +
Galactose 11.7 2.7 + + 16.7 2.2 + 19.1 1.9 + 20.2 1.8 17.7 1.3 ** B > A, C
> A, D>
A, E > A,
D>B
Glucose 11.5 2.7 + 16.1 2.2 + 17.9 2.0 19.6 2.0 — — 17.3 1.3 B > A, C
> A, D>
A, E> A,
D>B
Glucose 10.7 2.0 15.7 1.7 17.8 2.3 18.7 2.2 — — 16.8 1.5 ** **
Hexosamines 3.0 0.9 5.1 i.o 5.0 1.0 + 4,8 0.6 4.4 0.5 B > A,
D>A
Neuraminic
acids 2.3 0.1" 2.1 0.3 + + 1.9 0.4 + + 2.0 0.4 + + 2.3 0.4 + +
GIc/Gal 0.99 0.04 0.96 0.07 0.94 0.05 — 0.97 0.05 — 0.98 0.04
GIc/Fuc +
Man + HexN
+ Neu 1.23 0.26 1.35 0.15 1.61 0.34 — 1.76 0.29 — — 1.60 0.15 — — ** ** D > A,D>B
a Contents (in moles per 100 mg of dry wt) and molar ratios are given as the means SD. The number of preparations is given in parentheses.
b Statistically significant differences between glomerular (GBM) and tubular basement membranes (TBM) in the same age group are indicated
under P: — (+) means the value in GBM is lower (higher) than that of the same component in TBM; and — or + and — — or + + means significant
at 5% and 1% level, respectively, according to Student's t test for paired samples.
C Statistical significance for presence of age-group-dependent differences: ', ', and *** mean significant at 5%, 1%, and 0.1% level,
respectively.d Statistical significance for an increasing () or decreasing (.) trend with age: , ', and *** mean the same defined in footnote c.
Statistically significant differences (at 1% level) between two age groups. Age groups are presented by capitals. For each pair of age groups
mentioned, the group with the higher value of the two is indicated first.
Enzymatically determined.
Eight preparations analyzed. Not evaluated with Student's t test.
Four preparations analyzed. Not evaluated with Student's (test.
fixed at 1%. Student's two sided t test for paired samples at the
5% level was used to test the mean difference in a component or
a ratio between glomerular or tubular basement membranes
within the individuals of the same age group.
Nonparametric tests were selected to reduce the effect of
deviating observations, except for the t test, because for some
age groups the sample sizes were too small to apply the
nonparametric counterparts of that test.
Results
Purity and yield of preparations. Quite pure glomerular (Fig.
2, A and C) and tubular preparations (Fig. 2, B and D) were
obtained from kidneys of individuals of nearly all ages (Table 1).
With preterm and fuliterm newborns, purity of the crude
glomerular preparations obtained from the sieves could further
be improved by using a discontinuous Ficoll gradient, whereas
the purity of the tubular preparations was comparable with
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Table 3. Carbohydrate composition of tubular basement membrane preparations of men of different ages b
Carbohydrate
A
2 m
(7)
B
4—18 m
(6)
C
3.5—11 yr
(5)
D
32—61 yr
(10)
E
66—80 yr
(5)
Kruskal
Wallis
testc
Terpstra
testd
Wilcoxon
test
Fucose
Mannose
0.5
2.7
0.1
0.3
0.5
2.6
0.1
0.3
0.6
2.5
0.2
0.2
0.9 0.2
2.8 0.3
0.8
3.0
0.1
0.2
*** D > A, E > A, D> B
Galactose
Glucose
G1ucose
Hexosamines
Neuraminic acids
6.7
7.0
6.1
1.8
1.5
0.9
1.5
1.6
04g
0.3"
11.0
11.4
10.8
3.1
1.0
2.5
2.8
3.3
04g
0.1"
16.2
16.6
16.2
3.2
1.0
1.0
1.4
2.5
0.8
0.2
20.6 1.8
20.7 2.0
20.0 1.2
4.3 0.6
1.1 0.2
18.8
19.0
18.0
3.9
1.2
2.4
2.1
1.8
0.5
0.1
'"' B > A, C > A, D > A,
E> A, D> B, D> C
'B > A, C > A, D > A,
E > A, D> B, D > C
C > A, D > A, E > A
D > A
GIc/Gal 1.04 0.10 1.03 0.07 1.03 0.03 1.00 0.03 1.01 0.04
GIc/Fuc + Man
+ HexN +
Neu 1.13 0.28 1.52 0.18 2.29 0.30 2.31 0.26 2.14 0.27 ** c D> A
a Contents (in mo1es per 100 mg of dry wt) and molar ratios are given as the means SD.b The number of preparations is given in parentheses.
c-f Footnotes are explained in Table 2.
g Five and three preparations analyzed in group A and B, respectively.
Four and five preparations analyzed in group A and B, respectively.
those from the other age groups. It was sometimes not possible
to retain tubular fragments from the kidneys of children (ages I
month to 15 years) on the fine sieves. Therefore, smaller
numbers of tubular than of glomerular basement membrane
preparations were obtained.
With light microscopy, glomeruli could easily be discerned
from tubular fragments by the dark blue color of the former
after staining with haematoxylin-eosin. Frequently, some gb-
meruli kept their capsules of Bowman, but these never formed
more than 21% of the glomeruli. Hyalinized glomeruli, present
in kidneys of older persons, did not contaminate the glomerular
preparations because they are retained on the 106-gm sieve
(Fig. 1; age group, 30 to 80 years) by their smaller diameter.
With all tubular preparations, capsules amounted to less than
6% of all particles counted. Tubular fragments are often empty,
but a clear difference can be observed between tubular and
capsular basement membranes (Figs. 2D and 3A). With the
kidneys of two adults (ages, 32 and 48 years), a fraction could
be obtained from the 90-m sieve in which 95 and 96% of the
particles consisted of capsules of Bowman (of which 36 and
29%, respectively, were accompanied by a glomerulus; Fig.
3A).
All basement membrane preparations showed total absence
of cellular material (haematoxylin-positive material) with light
microscopy. Purity of basement membrane preparations was
further evaluated by electron microscopy (Fig. 3B and 4, A and
B) in all age groups except in infants younger than 2 months old.
In a limited number of preparations (more often with tubular
than with glomerular basement membranes), there was a minor
contamination by interstitial collagen fibers. With both types of
basement membranes, this contamination did not appear as
fibers between two electron-dense layers as was found by
others with tubular basement membranes [17]. Moreover, there
was no correlation with age. Yields of basement-membrane
material varied for the different isolations. Total phosphorus
content was less than 0.1% (wt/wt) for the glomerular and
tubular basement membranes with most ages, except with the
preparations from the preterm newborns where it amounted to a
maximum of 0.16%. Under conditions used for isolation of the
basement membranes, no protease activity was found with
azoalbumin as a substrate. For investigation of a possible
influence of the 1 M sodium chloride treatment on the chemical
composition of the basement thembrane preparations, we divid-
ed one glomerular preparation in two parts. Glomerular base-
ment membranes were isolated from one part according to the
method described in Methods, and the other part was treated
following the same procedure, except for the 1 M sodium
chloride treatment that was replaced by an incubation in 0.15 M
sodium chloride. We observed no marked differences in amino
acid and carbohydrate composition of the two preparations. In
addition, the banding patterns found with SDS-polyacrylamide
disc-gel electrophoresis were similar. Conditions of preincuba-
tion of basement membranes were according to Ligler, Robin-
son, and Byrne [35}. Electrophoresis was carried out in 5 and
10% polyacrylamide gels according to Laemmli [36].
Chemical analyses. Conditions used for the determination of
amino acids (hydrolysis and analysis) resulted in variation
coefficients of 8% (hydroxyproline isomers and glycine) or
lower, except with methionine and hall-cystine, where higher
values were obtained. The determination of 3-hydroxyproline
showed a good linearity between absorbance at 440 nm and
concentration within the range of 100 to 500 nmoles/ml. Color
constants for equimolar amounts of 3-hydroxyproline, 4-hy-
droxyproline, and proline were 1.00:0.72:1.40. Hydrolysis con-
ditions used to release hexoses, hexosamines, or neuraminic
acids appeared to be optimal for basement membrane material
[37]. The results of the gas chromatographic assay of glucose
appeared to be in accord with the enzymatically determined
content. (Tables 2 and 3). The values of glucose obtained with
gas chromatography were used for the calculation of the ratios.
Chemical composition. The total residue weights of the
components determined were comparable for the different
basement membrane preparations and amounted to 84 (SD)
1% (wt/wt) of the starting material. This value and also the
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Table 4. Amino acid composition of glomerular basement membrane preparations of men of different agesa b
3-Hyp/4-Hyp 0.08 0.02
3-Hyp + 4-HypI3-
Hyp + 4-Hyp +
Pro 0.43 0.04
Hyl/Hyl + Lys 0.31 0.08
4-Hyp/Hyl
Hyl/Gly
Gic/Hyl
** D>A
C>A,D>A,
E > A, D > B
*** B>A,C>A,
D > A, E > A,
D> B, D> E
B>A,C>A,
D > A, E > A
**
a Contents (in residues per 1000 amino acid residues) and molar ratios are given as the means SD. The number of preparations is given in
parentheses.
Footnoes are explained in Table 2.
values in Tables 2 to 5 were not corrected for water content. It
was found that the preparations bound water to 6% of their
weight within 1 hour outside of the desiccator.
The chemical composition and the molar ratios between some
components are given for glomerular and tubular basement
membranes in Tables 2 to 5. The carbohydrate and amino acid
composition of the glomerular (Tables 2 and 4, respectively)
and tubular basement membranes (Table 3 and 5, respectively)
were brought together in five age groups for purpose of statisti-
cal handling and ease of survey. With preparations of infants
younger than 2 months, no values for half-cystine are given,
owing to poor separation of cystine from alanine and to scarcity
of basement membrane material. No statistical analysis have
been carried out for this chemical compound.
The molar ratio of 4-hydroxyproline to hydroxylysine reflects
the type of collagen [38]. The molar ratio between hydroxyly-
sine and glycine demonstrates the relation between a compo-
nent typical for collagenous proteins and a component that is
present in collagenous and noncollagenous proteins. The ratio
of glucose to the sum of fucose, mannose, hexosamines, and
neuraminic acids reflects the proportion of the disaccharide of
the collagen moiety to the heteropolysaccharide of the noncol-
A B C D E
2 months 4 to 18 months 3.5 to 15 yr 32 to 61 yr 66 to 80 yr Kruskal-Wallis Terpstra
Amino acid (7) P (9) P (7) P (10) P (5) P testc testd Wilcoxon testa
3-Hydroxyproline 4 1 + 7 I ++ 10 3 + 11 2 ++ 9 I B > A, C > A,D> A, E > A,
D>B
4-Hydroxyproline 47 9 62 12 73 6 78 11 73 7 kk C> A, D > A,E>A
Aspartic acid 87 10 72 6 65 5 68 9 + 66 6 + A > C, A > D,B>C
Threonine 40 5 36 3 35 6 32 1 — 32 2 *** A > D, A > E,
B>D
Serine 47 5 46 8 — 43 4 40 2 — 39 3 B > D
Glutamic acid 97 12 94 8 95 4 87 5 89 7
Proline 67 4 68 9 65 7 65 8 69 3
Glycine 198 18 217 20 231 19 233 21 233 19 ** C > A, D > A,E>A
Alanine 84 7 70 8 66 12 71 10 73 5
HaIf-cystine 25 6 19 5 20 4 20 3
Valine 44 4 36 4 34 3 34 3 35 4 ** A > C, A > D
Methionine 10 2 7 4 7 3 7 3 10 2
Isoleucine 31 4 29 3 29 2 30 2 29 2
Leucine 63 2 61 3 61 3 60 3 + 61 5
Tyrosine 18 2 16 1 15 3 15 1 15 1 ** A > D, B > D
Phenylalanine 28 3 29 2 28 2 28 1 — 28 2
Histidine 32 4 27 4 25 4 26 4 + 20 3 ** A > E, B > E
Hydroxylysine 17 6 27 4 + + 30 2 + 32 3 — 30 1 *** *** B > A, C > A,
D > A, E > A,
D>B
Lysine 39 6 24 3 — — 20 3 — 19 2 22 I ** A > B, A > C,
A > D, A> E,
B > D, E > D
Arginine 48 3 47 5 45 3 43 3 + + 47 2
3-Hyp + 4-Hyp +
Pro 118 11 136 18 148 9 154 20 151 8 ** C > A, D > A,
E>A
Hyl + Lys 55 2 51 2 51 2 52 4 52 2 A > B
0.11 0.02 0.14 0.03 + 0.14 0.02 + + 0.12 0.01
0.50 0.05 + 0.56 0.04
0.54 0.06 + + 0.60 0.05 + + 0.63 0.02
0.58 0.02 0.54 0.03
2.84 0.25 2.27 0.43 2.42 0.18
0.09 0.02 0.13 0.02 + 0.13 0.01
0.57 0.01
0.92 0.10 0.82 0.08 0.80 0.05 0.83 0.12 0.76 0.07
2.44 0.48 2.46 0.28
0.14 0.02 — 0.13 0.01
*
***
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Table S. Amino acid composition of tubular basement membrane preparations of men of different ages'
B
Amino acid
A
2 months
(7)
4 to
mont
(6)
18
hs
C
3.5 to 11 yr
(5)
D
32 to 1
(10)
6 yr
E
66 to 80 yr
(5)
Kruskal-
Wallis
testc
Terpstra
testd
Wilcoxon
test
3-Hydroxyproline 3 1 4 1 6 1 9 2 7 2 *** '' B > A, C > A, D > A,E > A, D> B
4-Hydroxyproline 40 7 53 10 74 12 83 10 75 9 *** C > A, D> A, E > A,D>B
Aspartic acid 91 10 76 II 68 9 66 8 64 5 *** A > D, A > E, B < D
Threonine 40 4 40 4 34 4 33 2 31 I A > D, A > E, B > D,B>E
Serine 52 3 54 6 46 4 43 3 39 3 '' A > D, A > E, B > D,
B>E
Glutamic acid 97 7 96 5 92 8 89 7 89 6 *
Proline 68 4 70 7 71 8 68 7 68 3
Glycine 188 20 203 19 224 12 220 19 236 13 '' D > A, E > A
Alanine 89 4 79 7 73 6 68 5 74 8 *** A > C, A > D, A > E
HaIf-cystine 17 3 18 4 17 4 16 3
Valine 42 4 39 3 36 3 35 4 37 3 * *
Methionine 10 1 9 3 8 3 9 3 12 2
Isoleucine 33 3 29 2 29 3 31 2 31 I
Leucine 65 6 62 4 58 4 58 4 58 I *
Tyrosine 19 2 18 2 16 2 16 2 17 I ** A > D
Phenylalanine 28 3 28 2 27 3 30 3 29 2
Histidine 29 5 25 5 24 6 22 2 19 2 A > D, A > E
Hydroxylysine 12 2 17 5 27 3 34 3 31 2 *** C > A, D > A, E > A,D> B, E> B, D > C
Lysine 42 6 36 6 25 3 20 3 23 3 '' A > C, A > D, A > E,B> C, B> D, B> E
Arginine 52 5 45 4 44 5 40 3 44 I ' ** A > D
3-Hyp+4-Hyp+Pro 110 10 127 15 152 20 160 17 150 11 C *** C > A, D> A, E > A,D>B
Hyl +Lys 55 5 53 4 52 4 54 4 54 2
3-Hyp/4-Hyp 0.07 0.02 0.08 0.02 0.09 0.02 0.10 0.02 0.09 0.02 * *
3-Hyp +4-Hyp/3-
Hyp+4-Hyp+Pro 0.38 0.03 0.45 0.04 0.53 0.02 0.57 0.02 0.55 0.04 C > A, D> A, E > A,C > B, D> B
Hyl/HyI+Lys 0.23 0.05 0.32 0.08 0.52 0.05 0.63 0.03 0.57 0.04 C C > A, D> A, E > A,C> B, D> B, E > B. D
>C
4-Hyp/Hyl 3.32 0.59 3.32 0.88 2.78 0.49 2.46 0.43 2.44 0.35 **
Hyl/Gly 0.07 0.01 0.08 0.02 0.12 0.02 0.15 0.02 0.13 0.01 C > A, D > A, E > A,D> B, E> B
GIc/Hyl 0.77 0.16 0.83 0.07 0.79 0.08 0.82 0.12 0.82 0.05
* Contents (in residues per 1000 amino acid residues) and molar ratios are given as means SD
b The number of preparations is given in parentheses.C Footnotes are explained in Table 2.
lagen moiety. The other molar ratios especially concern compo-
nents that are involved in posttranslational processes.
The molar ratio of 4-hydroxyproline to hydroxylysine is
lower than 4.0 in all our preparations. This is characteristic for
basement-membrane collagen [381. The ratio of glucose to
hydroxylysine indicates that 76 to 92% of the hydroxyl groups
of hydroxylysine are substituted by the disaccharide unit typi-
cal for collagen-like polypeptides. The glucose-to-galactose
ratio of all basement membrane preparations approximates one
suggesting that nearly all galactose is bound in this disaccharide
unit.
Comparison of glomerular and tubular basement mem-
branes. Glomerular and tubular basement membrane prepara-
tions from each pair or pool of kidneys were statistically tested
by age group for differences in chemical composition (Tables 2
and 4, P columns). The contents of 4-hydroxyproline, proline,
glycine, and alanine and the ratio of 4-hydroxyproline to
hydroxylysine and of glucose to hydroxylysine did not show
significant differences. Differences in other components or
molar ratios were often restricted to specific age groups.
Glomerular basement membranes contained, however, in near-
ly all preparations more 3-hydroxyproline than in their tubular
counterpart. Concentrations of mannose and neuraminic acids
were markedly higher in the glomerular basement membranes.
The difference in content of neuraminic acids could not be due
to DNA contamination in glomerular preparations because with
the fluorimetric assay, spectra were the same for both types of
basement membranes and for the standard N-acetyl-neuraminic
acid. Furthermore, no deoxyribose was found with gas chroma-
tography. In addition to the higher contents of mannose and
neuraminic acids, the higher content of hexosamines and the
lower ratio of glucose to galactose in the glomerular basement
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membranes suggest that these membranes possess more hetero-
polysaccharide components than their tubular counterpart
does.
Comparison of the chemical composition of two capsular
basement membrane preparations with the other two basement
membranes from the same kidneys showed that the contents of
3-hydroxyproline (11 residues per 1000 amino acid residues)
and neuraminc acids (2.2 moles per 100 mg dry wt) and the
ratio of 3-hydroxyproline to 4-hydroxyproline (0.12) were com-
parable to those of the glomerular basement membranes, but
that the content of mannose (3.1 xmoles per 100mg dry wt) was
intermediate between that of the glomerular and tubular base-
ment membranes.
Comparison of basement membrane preparations from men
of different ages. Figure 5 shows the distribution of the individ-
ual basement membrane preparations as a function of age
together with the values of the extent of hydroxylation of
proline and lysine. Other data are only given for the five age
groups. The graphs show that the chemical composition of the
two types of renal basement membranes changes with age in a
comparable but not parallel way. The ratios of hydroxylated
imino acids to total imino acids and of hydroxylysine to the sum
of hydroxylysine and lysine reach an adult level after 4 to 7
months for glomerular basement membranes, whereas for tubu-
lar basement membranes this occurs during late childhood.
When the Kruskal-Wallis test was applied to the analytical
data for the five selected age groups (Tables 2 to 5) we found
significant age-dependency with many of the chemical compo-
nents and ratios of both glomerular and tubular basement
membrane preparations. Highly significant variations (0.1%
level) between the age groups were found for the following
components and ratios: 3- and 4-hydroxyproline, aspartic acid,
threonine, hydroxylysine, lysine, galactose, glucose, and the
ratios of the sum of hydroxyproline to total imino acids, of
hydroxylysine to the sum of hydroxylysine and lysine, and of
hydroxylysine to glycine. In addition, for tubular basement
membranes, we found high significance for age-dependent
differences with serine, alanine, total imino acids, and fucose.
With the Terpstra's test, we found indications for a signifi-
cant change in concentration or ratio of several chemical
constituents with age. Increases were found with both glomeru-
lar and tubular basement membrane preparations for 3-hy-
droxyproline, 4-hydroxyproline, glycine, hydroxylysine, galac-
tose, glucose, the sum of the imino acids, and for the following
ratios: 3- to 4-hydroxyproline, hydroxylated imino acids to the
sum of the imino acids, hydroxylysine to hydroxylysine plus
lysine, hydroxylysine to glycine and glucose to the sum of
fucose, mannose, hexosamines, and neuraminic acids. A de-
crease was found with both.membrane types for the concentra-
tion of aspartic acid, threonine, serine, valine, tyrosine, histi-
dine, and lysine. In addition, with glomerular basement mem-
branes, the ratio of glucose to hydroxylysine showed a decrease
with age. Changes restricted to tubular basement membranes
appeared to be an increase of fucose and hexosamines and a
decrease of glutamic acid, alanine, leucine, arginine, and the
ratio of 4-hydroxyproline to hydroxylysine.
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The results from the Wilcoxon tests, where each possible pair
of age groups is compared, give additional information to both
the Kruskal-Wallis and the Terpstra's test. In cases where the
Kruskal-Wallis test reached a level of significance of 1% or
lower for a specific value of a chemical component or ratio,
Wilcoxon's test always showed one or more pairs of significant-
ly different groups. The Wilcoxon's test reveals the stages of
life at which the changes in chemical composition take place.
With both types of basement membranes, significant differ-
ences between age groups occur, most importantly between
children younger than 2 months and the adult and aged groups.
In addition, for a smaller number of values, differences occur
between children younger than 2 months and children older
than 3 years as well as between 4- to 18-months-old infants and
adults. In particular the changes were pronounced for 3-
hydroxyproline, hydroxylysine, lysine, and the ratios of hy-
droxylated proline isomers to total imino acids and of hydroxy-
lysine to the sum of hydroxylysine and lysine.
The data of a number of components in the group of persons
older than 65 years seem to point to an age-related change in
composition of the renal basement membranes in a direction
opposite to that of the changes from birth to adulthood. The
extent of hydroxylation of lysine in glomerular basement mem-
branes is significantly lower in the aged group than in the adult
group. More preparations should be analyzed to establish the
significance of other differences.
It is apparent from the data in Tables 2 to 5, that in both types
of basement membranes the values of proline, mannose, and
neuraminic acids, the sum of hydroxylysine and lysine, and the
ratio of glucose to galactose did not show significant differences
between the age groups. This was also found for the ratio of
total imino acids to glycine, but the ratio of hydroxylated
proline isomers to glycine increased significantly with age (data
not shown).
Discussion
The chemical composition of both glomerular and tubular
basement membranes of adult men was described in two reports
[17,18] without, however, a statistical analysis of their results.
The great difference in quantitative composition between the
two types of basement membranes found in the first report [17]
has to be ascribed to contamination with fibrillar collagen in the
tubular basement membrane preparations [18, 391. Sato et al
[18] reported a good resemblance in chemical composition
between glomerular and tubular basement membranes, the
latter of which was isolated from the renal medulla. The content
of neuraminic acids and to a lesser degree of mannose and
hexosamines were, however, markedly higher in glomerular
than in tubular basement membranes, as in our preparations
from renal cortex. In the preparations from a wide spectrum of
ages (from 30 weeks' gestational age up to 80 years of life) we
found that the glomerular basement membrane also contains
more 3-hydroxyproline. In another investigation, we estab-
lished that glomerular basement membranes from adult cattle,
pig, sheep, horse, and rat also contain more of the heteropoly-
saccharide components than the tubular basement membranes
do [37]. Although we are aware of the possible influence of
minor contamination by interstitial collagen as observed with
the electron microscope, this cannot, however, explain the
differences in composition. For example, the two types of
basement membranes of individuals have nearly identical gly-
cine contents and molar ratios of 4-hydroxyproline to hydroxy-
lysine, specific for type-IV collagen [38].
The differences in chemical composition between the two
types of membranes may originate from their different cellular
origin [40] and, especially the differences in the heteropolysac-
charide-containing moieties, may contribute to their different
immunogenic properties [20—221.
A frequently observed phenomenon in the composition of
basement membranes is the increase of hydroxylation of proline
and/or lysine with age [2—7, 41]. Deyl, Macek, and Adam [111
found an increase of the concentration of 3- and 4-hydroxypro-
line and the ratio of 3-hydroxyproline to 4-hydroxyproline with
age in kidney cortex of rat, cow, hamster, and man. In a
previous study with glomerular and tubular basement mem-
branes from cattle [6], we noted that the increase of the
hydroxylation of these two amino acids took place at a later
stage of life for glomerular basement membranes (between 18-
week-old and adult animals) than for tubular basement mem-
branes (between fetal and 18-week-old calves). In that study it
appeared also that the total content of imino acids increased
with age in a similar way. With human glomerular basement
membranes, however, the extent of hydroxylation and the total
content of imino acids rise steeply between preterm (30 weeks
of gestational age) and 4-month-old infants and reach a plateau
in childhood (3 to 15 yr). But, with tubular basement mem-
branes, these parameters rise slowly from the preterm age to a
maximum at adulthood (age, 32 to 61 yr). The extent of
glycosylation of hydroxylysine remains fairly constant in renal
basement membrane during life with rat [5], cattle [6], and man.
Recently, a change in chemical composition was reported
with glomerular basement membranes of men from adulthood
to age 90 [7], which includes a decrease in extent of hydroxyl-
ation of lysine comparable to our results. Furthermore, no
correlation was found for the ratio of total hydroxyproline
isomers to proline with aging. But, we did not observe the
decrease of other amino acids with aging. The apparent de-
crease of the collagenous (type IV) component suggested by
Smalley [7] may be due to an increasing contamination by
interstitial collagen in his basement membrane preparations
with aging, because glycine content appeared to remain con-
stant.
Contents of sugars known as constituents of the heteropoly-
saccharide unit [42] vary with age in lens capsules of cattle [41]
and glomerular basement membranes of rat [1] and mice [31, but
the changes are not uniform. With cattle, the content of
mannose and hexosamines in glomerular and tubular basement
membranes [6] and of neuraminic acids in glomerular basement
membranes (unpublished result) gradually increase with age.
Human tubular basement membrane preparations only showed
an increase of fucose and hexosamine content.
Papain-digested glomerular basement membranes from new-
borns showed two precipitin lines in immunoelectrophoresis
applying an antihuman glomerular basement membrane antise-
rum from the rabbit. With similar preparations from children
aged 5 to 15 years, three precipitin lines were visible [10].
Anand et al [9] studied the binding of human antiglomerular
basement membrane antibodies to human glomerular basement
membrane with immunofluorescence. Young infants lacked
glomerular basement membrane antigens normally present in
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older children and adults with the transition occurring over the
age range of 3 months to 3 years.
In the human fetus, nephrogenesis is finished after 32 to 36
weeks of gestation [43]. Growth of glomeruli and tubules goes
on up to 20 years of life, tubules growing at a higher rate than
glomeruli [44, 45]. With aging, the total number of nephrons
and, in association, the kidney functions decrease after the
fourth decade [46, 47]. Thickness of glomerular basement
membranes increases with maturation of glomeruli and reaches
adult values at the age of 3 years [12, 48, 49]. In rats [50] and
hamsters [51], however, thickening of glomerular basement
membranes was observed with increasing age. Human tubular
basement membranes remain fairly constant in thickness be-
tween the age of 9 and 50 years, after which period a progres-
sive thickening of these membranes appears [52]. A positive
correlation between accumulation of type-IV collagen and
basement membrane thickness in renal cortex of man and some
other mammalian species was suggested [11].
The results of our investigations point to a change in quantita-
tive distribution of collagenous and noncollagenous peptide
moieties in the human glomerular and tubular basement mem-
branes with maturation and growth, as can be deduced from
variations in content of glycine and total imino acids. Contents
of collagen-nonspecific amino acids aspartic acid, threonine,
serine, valine, tyrosine, histidine, and lysine decrease with age,
but the constituents of the heteropolysaccharide unit did not
markedly change. Moreover, the increase of the two ratios of
hydroxylated imino acids to glycine and of hydroxylysine to
glycine is much larger than may be expected on the basis of the
glycine contents. This indicates that the extent of hydroxylation
of lysine and proline residues also rises with age. The increased
extent of hydroxylation could be closely bound up with a higher
stability of the collagen-like regions in the basement mem-
branes. During maturation of collagen molecules, these proteins
are stabilized by covalent crosslinks, where especially those
derived from hydroxylysine appear to be important [53, 54].
Burjanadze [55] indicated that the content of hydroxyproline at
the third position in the amino acid sequence (G1y-R2-R3)
positively correlates with the thermal stability of the collagen
triple helix.
Physiologic functions, for example, glomerular filtration rate,
undergo marked changes in infants during the first months of
life [56, 57]. Studies of the development of the nephron filtration
rate in the growing rat reveal a progressive increase in the
glomerular capillary ultrafiltration coefficient [58, 591. An en-
larging surface area contributes to the rise in this coefficient that
accompanies maturational growth. The role of a possible in-
crease in intrinsic hydraulic permeability of the capillary wall
remains hypothetical. Arturson, Groth, and Grotte [601 found in
man that in the first 3 years of life, especially before the age of 3
months, the clearance of dextrans of various molecular size
increases with age and is extended to higher molecular-weight
classes. These investigators explained their findings by an
increase of the pore radii of the glomerular membrane. Tubular
basement membranes may contribute to maintenance of the
transglomerular hydraulic-pressure difference by their strong
and elastic mechanical support to the epithelium [611.
The age-dependent changes in the renal basement mem-
branes observed here may be of significance to the changing
filtration properties of the kidney. Variations in the content of
hydroxylysine, carbohydrates, and charged components in
basement membranes will influence functions such as mechani-
cal support, hydraulic conductivity, and size- and charge-
selective properties of these extracellular matrices. For a better
understanding of these phenomena, more knowledge about the
structural organization of renal basement membranes is neces-
sary. It would be interesting to follow the glycosaminoglycan
content of the basement membrane with age, as these polysac-
charides recently found in the glomerular basement membrane
[24, 62, 63] may contribute more to the important charge-
selective characteristics of the membrane than do the collage-
nous and noncollagenous glycoproteins.
Because in young children age-dependent changes will cause
great variations in chemical composition, studies of distur-
bances in basement membranes associated with renal disease
must be accompanied by an appropriate series of age-related
controls.
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